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Abstract

Hatching was delayed and lower when 0±1-day-old eggs of a susceptible strain of red ¯our beetle,
Tribolium castaneum, were exposed to 30±50 ppm of phosphine for 72±120 h causing 70% or more kill,
and in a ®eld-collected phosphine-resistant strain exposed to 100±300 ppm for 72 h producing 30% or
more mortality. Inhibition of hatching was established by noting a relative increase in hatching in later
days in the fumigated batches which was signi®cant for the eggs of the susceptible strain exposed to 30
ppm of phosphine for 120 h and the eggs of the resistant strain exposed to 300 ppm for 72 h. The
practical implications of the inhibition of hatching of T. castaneum eggs by phosphine treatment are
discussed. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Phosphine is widely used as a fumigant for insect control in various stored products.
However, insect resistance to phosphine is an emerging problem a�ecting the use of this
fumigant, and has been engaging the attention of many workers (Banks, 1994). There are many
reports discussing the peculiarity of phosphine in deviating from Haber's rule of
(concentration) c � (time)t=(constant) k in exerting its mortality response (Winks, 1986). The
time factor is considered more signi®cant for insecticidal potency of phosphine. At 258C and
above, a minimum of 5 days and preferably 7 days has been recommended as the normal
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exposure period, and still longer exposure times at lower temperatures for the disinfestation of
stored products using phosphine (AFHB/ACIAR, 1989). The logic behind recommending such
a long exposure time is that the egg and pupa, the tolerant stages of insects, will develop to
susceptible ones, i.e. larva and adult respectively during the treatment period and succumb
(Winks and Ryan, 1990). It implies that perhaps phosphine does not directly a�ect the
development of insects (Winks, 1987). In commercial fumigations, shorter exposure periods of
less than 5 days are sometimes used (Zettler, 1993; Rajendran, 1994).
Delayed hatching of eggs of ®ve species of stored product insects including the confused

¯our beetle, Tribolium confusum Jacquelin du Val, fumigated with methyl bromide, sulphuryl
¯uoride, ethylene dibromide and ethylene dichloride has been reported (Sylvester and
Goodship, 1962). Delays in hatching and further development of insects exposed to high
carbon dioxide atmospheres have been reviewed by Bailey and Banks (1980). Phosphine has
been reported not to alter the development period of eggs of the tropical warehouse moth,
Ephestia cautella Walker treated at 600 ppm of phosphine for 24 h (Price and Bell, 1981) and
that of psocids, Liposcelis entomophila Enderlein exposed at 0.05 to 0.8 mg/L for 24 to 120 h
(Pike, 1994). However, Rajendran and Muthu (1991) observed inhibition in hatching of 1-, 2-
and 3-day-old eggs of T. castaneum (susceptible strain) following a 24 h exposure to phosphine
at 58 to 115 ppm concentration. The present investigation was undertaken, using susceptible
and phosphine-resistant strains of red ¯our beetle, T. castaneum Herbst, to study whether the
tolerant egg stage develops normally when exposed to phosphine at the minimum
recommended exposure period of 5 days and at likely commercial treatment periods of 3±4
days.

2. Materials and methods

A normal susceptible strain (QTC 4 from Queensland, Australia) of T. castaneum and a
phosphine-resistant strain (�125 at LD99, 20 h exposure) collected from a storage godown
belonging to the Central Warehousing Corporation, Tamil Nadu, India, were reared in the
laboratory for at least three generations on whole wheat ¯our and 5% dried yeast at 25228C
and 65210% r.h. Mixed sex adults of the individual strains were released for 24 h into bottles
containing wheat ¯our, sieved through a 180 micron sieve. Eggs (0±1-day-old) were then
collected and transferred into micro-wells of 12 � 8 cm ELISA plates. Each plate
accommodated 96 eggs. The plates were placed singly in 0.85 L desiccators which served as the
fumigation chambers.
Preliminary experiments were conducted to select the phosphine concentration range

producing egg mortality of 30% or more. For the susceptible strain three concentrations were
tested at 72, 96 and 120 h periods with six replicates (plates) for every dose along with an
equal number of controls. In the resistant strain, three concentrations were tested at 72 h only.
There were seven replicates each for the resistant strain. A total of 576 and 672 eggs per
phosphine dosage regime (concentration and time) were tested for susceptible and resistant
strains respectively. The fumigation procedure used was as described in FAO (1975). After
dosing, phosphine concentrations in the fumigation chambers were checked once by a Bedfont
phosphine monitor ®tted with a built-in suction pump for sampling the gas. The sample gas
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was circulated back into the chambers and in instances in which the concentration was lower
than expected additional phosphine was injected and the concentration rechecked. The gas
concentration inside the chambers was about 216% of the expected dose. The experiments
were conducted at 26±288C and 70±75% r.h. At the end of exposure, plates were taken out
and hatched eggs were counted. Wherever there was hatching, about 100 mg of whole wheat
¯our was added to the micro-well as food for the larvae. Daily counts were made on the
numbers hatched, till there was no further hatching. The plates were loosely covered with 12�
8 cm size Whatman No. 1 ®lter paper and stored at the rearing temperature and r.h. The
larvae were checked for their survival at the cumulative age of 20 days. Mortality rates at
hatching and on reaching 20 days (end point mortality) were determined. Data on daily
hatching (absolute numbers) were used for Wilcoxon's rank test described by Snedecor and
Cochran (1967) to ®nd any signi®cant increase or decrease in hatching as compared to the
controls on the respective days.

Table 1
Mortality of eggs of susceptible and resistant strains of Tribolium castaneum exposed to phosphine for 72±120 h at

26±288C1

Mortality (%)2S.E.2

Phosphine dose (ppm) At hatching On reaching 20 days

Susceptible strain 72 h exposure

Control 18.823.5 20.024.6
30 63.7236.1 72.4235.7

40 86.8216.3 96.425.7
50 95.027.1 98.622.5

96 h exposure

Control 22.228.6 24.0213.7
30 67.9231.9 79.0224.3
40 96.222.7 96.923.6
50 95.025.4 98.622.2

120 h exposure
Control 16.327.7 18.5211.6
30 68.2228.8 83.5221.3

40 91.0212.1 96.726.1
50 96.425.7 99.520.9

Resistant strain
72 h exposure

Control 23.527.1 26.126.8
100 29.5212.6 54.5216.0

200 71.1220.1 84.1215.7
300 89.9213.6 96.926.3

1 For each concentration and control 6 replicates were used of the susceptible strain and 7 of the resistant strain
with 96 eggs per replicate.
2 Data for the treatments are without corrections for natural kill.
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3. Results

Data on the mortality of eggs and ®nal mortality of larvae (Table 1) indicate that some of
the larvae died before reaching 20 days. This larval mortality was less than 3% in control
batches whilst it was up to 15% in the treated ones. It is of interest to note that there was no
apparent di�erence in mortality at 20 days of the susceptible strain exposed to 40 and 50 ppm
of phosphine for 3, 4 and 5 days with the average mortality ranging from 96±99.5%. Similarly
there was no marked di�erence in mortality of the eggs exposed at 30 ppm over the three
exposure periods. In both susceptible and resistant strains there was a signi®cant reduction in
hatching during the ®rst two days of observation (Table 2). In addition, in all cases, the total
numbers hatched in later days were higher in fumigated groups than in controls. This increase
in hatching was statistically signi®cant at 30 ppm, 120 h exposure against the eggs of the
susceptible strain and at 300 ppm treatment of the resistant strain.

Table 2
Hatching of eggs of susceptible and resistant strains of Tribolium castaneum exposed to phosphine for 72±120 h at
26±288C

Number of eggs hatched

Phosphine dose (ppm) Day 12 Day 2 Day 3 Day 4+ Total1

Susceptible strain 72 h exposure
Control 49 321 93 4 467

30 7�� 154 32 12 205
40 1�� 45�� 27 3 76
50 0�� 9�� 13 7 29

96 h exposure
Control 21 301 122 4 448
30 4� 131 35 15 185
40 0�� 1�� 3�� 18 22

50 0�� 9�� 10�� 10 29
120 h exposure

Control 130 344 7 0 481

30 5� 141� 10 27� 183
40 7� 27�� 14 4 52
50 0�� 6�� 15 0 21

Resistant strain 72 h exposure
Control 52 398 60 4 514
100 8� 310 127 2 447
200 0�� 35�� 124 27 186

300 0�� 19�� 32 15� 66

1 A total of 576 and 672 eggs per phosphine dose/control were tested for susceptible and resistant strains respect-

ively.
2 Day 1 denotes the earliest day(s) when hatching occurred. �Signi®cantly di�erent from control at PE0.05 and
��at PE0.01 (Wilcoxon's two-sample rank test).
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4. Discussion

The current data are consistent with inhibition of hatching. The reduction in numbers
hatching in the ®rst two days is probably large due to mortality induced by phosphine.
However, the small increase in the numbers of fumigated eggs that survived the applied dose of
phosphine and hatched on day four or later after the commencement of the hatch of untreated
eggs indicates that in these individuals the hatching had been delayed. Such inhibition of
hatching has practical implications.
The e�cacy of the fumigant is dependent on longer exposure periods assuming that normal

development of eggs continues during the exposure. Howe (1973) in his studies with eggs of
rice weevil, Sitophilus oryzae (L.), observed that the mortality of eggs after fumigation for 1±5
days with phosphine at 0.1 to 0.4 mg/L was identical irrespective of the period of exposure. No
marked di�erences were reported in the mortality of eggs of psocids, L. entomophila treated
with phosphine for 72 and 120 h (Pike, 1994). In the present study there was no signi®cant
di�erence in mortality between 40 and 50 ppm in respective exposures. At 30 ppm
concentration mortality was similar in all the three exposure periods. It is evident therefore
that phosphine does not necessarily produce an enhanced kill of eggs when the exposure period
is extended. Hence, any delay in development during the treatment period will prevent the
insect from reaching the susceptible stage and favour its survival. Perhaps this temporary arrest
in development induced by phosphine is one of the reasons for the survival of insects at the
tolerant stage during sub-lethal phosphine treatments. It is therefore imperative that phosphine
fumigations are carried out at the required dosages under gas-tight conditions to achieve a
complete kill without allowing any chance for the survival of tolerant developmental stage. For
conventional treatments the e�ective application rates vary from 1±3 g of phosphine/m3 for 7±
21 days depending on commodity, the storage structure, and the type of insect and its
resistance status (EPPO, 1984; Anon., 1992).
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